The coaxial gallium electromagnetic (GEM) thruster [AIAA-2008-5021, IEPC-2009] uses a flat-top high-current pulse to enable operation at high exhaust velocities (~ 20 km/s). Gallium appears to offer several advantages over propellants currently in use. The non-toxicity and liquid temperature range (30 °C -2204 °C) provide numerous feed system advantages, while the high atomic mass and low ionization potential (5.99 eV) predict low frozen flow losses. In addition, mass injection is controlled by the arc, eliminating the need for pulsed gas valves.
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Radial and axial triple Langmuir probe measurements are made as a function of the discharge current. The triple probe consists of three 0.381 mm (0.015") diameter tungsten wires fed through a four-bore alumina tube with an O.D. of 4.7 mm. The electron density is found to be on the order of 10 21 -10 22 m -3 while the electron temperature varies from 3-5 eV. The radial and axial probe sweeps are used to calculate the divergence cone angle. The electron temperature and density data also permit the calculation of the electron-electron mean free path, which suggests that local thermodynamic equilibrium exists at the face of the cathode surface. The Saha equation is used assuming step-wise ionization to calculate the degree of ionization. It is found that at the face of thruster the gallium is fully doubly ionized. The electron temperature and density measurements as a function of current are used in the cathode spot (power balance) model described below.
A power balance calculation is performed at the cathode surface in order to calculate the mass flow rate as a function of the discharge current. In the model it is assumed that the surface is heated by the bombardment of ions and back-diffusing electrons, and the power is dissipated through heat conduction, thermofield (electron) cooling, and evaporation. An expression for the electric field is derived through the integration of Poisson's equation. The ion current fraction s = j i /j tot is also calculated from the model. The net heavy particle flux Γ (m -2 -s -1 ) is taken to be the evaporated atomic flux minus the flux of ions deposited on the cathode surface ion vap net
The calculated mass flow rate is shown to be in good agreement with the experimental values (Fig. 2) . The model below assumes a parabolic radial distribution of the current density. Other radial distributions are also explored. The calculated mass flow rate assumes that all of the gallium mass is ablated in the form of a vapor. A witness plate is placed in front of the thruster and microscopically examined in order to detect the presence of gallium macroparticles. arc mZ L 8 ) '
where L' is the inductance-per-unit-length, which is a function of the electrode radius ratio. From equation 2it can be seen that increasing the electrode radius ratio increases the efficiency of the thruster. Mass bit, discharge current and arc voltage measurements are obtained for thrusters possessing three different electrode radius ratios for comparative purposes. Increasing the radius ratio to 5 yields a thruster efficiency of 40% with an exhaust velocity of 23 km/s. A B-field probe diagnostic is employed in the discharge region. The probes are constructed of 4 turns of 36 AWG wire with a core diameter of 0.9 mm. The probe signals are numerically integrated to yield B(t). Once the spatial distribution of the magnetic field is known, the current density distribution can be mapped, and the ion Larmor radius can be calculated. The Larmor radius is an important parameter in the performance of MPD thrusters. It has been shown [AIAA-2007-5855] that for efficient operation of MPD thrusters the Larmor radius must be smaller than radius of the outer electrode. The magnetic field measurements in addition to the calculation of the ion charge state Z, and ion current fraction j i show that ion Larmor radius is small enough when the discharge current level is 23 kA. The power balance model is consistent with cathode spots that carry 100-200 A of current with high local temperatures (> 3000 K) and electric fields (> 10 8 V/m). These high temperatures and field values support substantial thermofield emission such that the electrons carry over half of the discharge current. It can also be seen from Fig. 2 that the mass flow rate varies quadratically with the discharge current. It has been shown [IEPC-2009-233] that the exhaust velocity is therefore independent of the current. The efficiency of the thruster can be expressed as the ratio of the dynamic impedance to the arc impedance: η = Z dyn /Z arc . These quantities can be expressed in terms of the inductance ratio, arc impedance and mass bit:
Fig. 2. Experimental and calculated mass flow rate as a function of current.
Arc impedance, exhaust velocity, and plasma probe measurements are presented. The thruster is driven by a 50 µs pulse from a 6.2 mΩ pulse forming network, and gallium is supplied to the discharge by evaporation of the cathode. The arc voltage is found to vary linearly with the discharge current with an arc impedance of 6.5 mΩ. Electrostatic probes yield an exhaust velocity that is invariant with the discharge current and has a peak value of 20 km/s, which is in reasonable agreement with the value (16 ± 1 km/s) calculated from the mass bit and discharge current data. Triple probe measurements yield on axis electron temperatures in the range of 0.8-3.8 eV, electron densities in the range of 1.6 × 10 21 to 2.1 × 10 22 m −3 , and a divergence half angle of 16 • . Measurements within the interelectrode region yield a peak magnetic field of 0.8 T, and the observed radial trends are consistent with an azimuthally symmetric current distribution. A cathode power balance model is coupled with an ablative heat conduction model predicting mass bit values that are within 20% of the experimental values. 
I. Introduction
The gallium electromagnetic (GEM) thruster uses a high-current arc discharge to ablate and accelerate liquid metal propellant to high exhaust velocities (15-20 km/s). Previous studies have detailed the GEM concept and design, 1 with data for both a low energy 2 (20 J/ per pulse) and MW-level quasi-steady gallium thruster. 3, 4 In the present study, arc impedance and mass measurements are presented for discharge currents in the range of 6 -23 kA. A series of electrostatic probes are used to measure the axial variation of the exhaust velocity. Triple probe data are used to map the exhaust plume and calculate the plume divergence half-angle, and magnetic field probing near the cathode tip is used to infer the radial distribution of the axial current into the electrode. A cathode power balance and 1-D heat conduction model are used to calculate the mass flow rate.
II. Experimental Apparatus

II.A. Testing Facilities
Tests were conducted at the University of Illinois Electric Propulsion Laboratory on the coaxial GEM thruster shown in Fig. 1 . The stainless steel annular electrode has an inner diameter of 30 mm, and the 8.7 mm diameter gallium electrode is insulated by boron nitride. The thruster is mounted into a 5-way vacuum cross, which is attached to the main vacuum chamber. A baffle is inserted into the 5-way cross to condense and capture ejected gallium particles before they reach the main chamber. Vacuum was maintained by a TPH1500 turbomolecular pump, which was backed by two Roots blowers and two Kinney mechanical displacement pumps. The base pressure of the facility during testing was 5 × 10 −5 torr. A ten-section, 5-line pulse forming network (PFN) was used to power the thruster. Each of the 5 sections consists of ten 88 µF capacitors in series with 85 nH inductors. The 50 capacitors have a maximum charging voltage of 1.2 kV, which yields a bank energy of 3.2 kJ, capable of creating a 100 kA × 50 µs current pulse. The maximum current used for the present experiments was 23 kA for a bank energy of 270 J. A copper sheet with punched holes was located over the capacitors to provide a common ground (ground plane). Brass standoffs with a height of 3.8 cm were machined to provide spacing between the stage inductors and the ground plane. Two 9 cm long, 0.32 cm (1/8") diameter copper rods yield a section inductance of 85 nH. The five PFN lines were each connected in parallel using 2.5 cm wide copper strip. To minimize stray inductance in the charging circuit, the PFN was mounted close to the vacuum chamber, as shown in Fig. 2 . A 7.0 cm wide strip of copper sheet formed the transmission line to the thruster. The capacitors were charged using a Hipotronics DC power supply. 
III. Experimental Results
III.A. Voltage and Current Measurement
Measurements were obtained for capacitor charging voltages in the range of 150-350 V. A Pearson 4418 current monitor and Tektronix P6015A voltage probe were used to measure the discharge current and terminal voltage. Typical discharge current and arc voltage waveforms are shown in Fig. 3 , for E o = 270 J. The PFN impedance is well-matched to the arc impedance, with greater than 90% of the capacitor energy being transferred to the discharge. The voltage is plotted as a function of the discharge current in Fig. 4 for two different electrode radius ratios. In both cases the voltage varies linearly with the discharge current with arc impedance values in the range of 6.5 -7.2 mΩ. No evidence of the high-current onset phenomena is seen at any current level. 
III.B. Mass Bit Measurement
The mass ablated per pulse was measured by weighing the central and annular electrodes after a prescribed number of shots using a Mettler AG245 measurement scale with a resolution of 0.1 mg. Several hundred shots were fired which liberated at least 10 mg, leaving the error due to instrumentation at less than 1%. Tests were repeated 10 times at each energy level, and the ablated mass measurements were found to be highly repeatable. No visible oxidation was seen on the solid gallium surface before or after testing. The mass of the annular stainless steel electrode decreased slightly after each test run. However, the total amount of mass lost (i.e. 0.3 mg after 250 shots) was less than 1% of the total ablated mass. Gallium macroparticle ejection prevented use of a central gallium anode 4 and limited the discharge current to 22.6 kA (equivalent to a uniform current density of j = 3.7 × 10 8 A/m 2 ) when using a central cathode. A photograph of the macroparticles is shown in Fig. 5 . The mass ablated per pulse is shown in Fig. 6 as a function of the current action integral Ψ, defined as
The slope in Fig. 6 is proportional to exhaust velocity, which has a value of 16 ± 1 km/s. The (m ∝ I 2 ) mass measurement is consistent with the linearity of the V-I characteristic. This can be seen through examination of the electromagnetic scaling relations, assuming the mass flow rate follows a power law dependence on the discharge currentṁ
where β is an empirical parameter (equal to zero for gas-fed thrusters). Recalling the electromagnetic thrust
The following relations are easily found
Equation (4) has been applied 4 to three ablative thrusters: a graphite MPD, 6 Teflon MPD, 7 and a Teflon PPT. 8 The mass bit was found to vary quadratically with the discharge current for both MPD thrusters, and the measured velocity was invariant with the discharge current. Similar trends were found for the GEM thruster, as described in the following section.
IV. Exhaust Velocity Measurements
The exhaust velocity of the gallium plasma was measured using both a time of flight (TOF) technique, and a crossed electrostatic probe measurement. The TOF technique was employed by using a pair of floating double probes placed perpendicular to the flow. By measuring the time between local ion fluctuations, a velocity can be inferred. A sample double probe trace is shown in Fig. 7 .
The crossed electrostatic probe utilizes cylindrical probes placed parallel and perpendicular to the velocity flow vector. In a flowing plasma, the ion current collected by the probe is a function of the angle between the longitudinal probe axis and the plasma velocity vector. Assuming a Maxwellian velocity distribution and a thin cylindrical sheath, the current collected in a flowing plasma by a cylindrical probe is given by 9
where κ = v/c m sin(θ) and Γ is the gamma function. The ratio v/c m is the ratio of the local flow velocity to the most probable ion thermal speed and θ is the angle between the probe axis and the velocity flow vector. By comparing the signals obtained from a probe placed both parallel and perpendicular to the plasma flow, the ratio v/c m can be determined. It is determined experimentally that I ⊥ /I || > 1, so the velocity can be determined directly from the perpendicular probe current I ⊥ = Zen e uA p /π to within 3% accuracy. 9 Figure  8 shows the axial variation of the exhaust velocity and the velocity as a function of the discharge current. The velocity calculated from the mass bit and discharge current (16 km/s) is within the error bars of both probes, and the velocity is found to be invariant with the discharge current, which is consistent with β = 2 from the mass measurements. 
V. Triple Probe Measurements
The triple Langmuir probe, and its variant the quadruple probe, have been used extensively in MPD and PPT plumes to determine the electron density and temperature. [10] [11] [12] [13] The triple probe used in this study consists of three 0.19 mm tungsten wires with an exposed length of 5.0 mm and a probe separation distance of 1.0 mm. Two floating voltages φ d2 and φ d3 are supplied by using lead-acid rechargeable batteries. The probe currents were measured using 1:1 Pearson current transformers. A photograph and schematic of the triple probe are shown in Fig. 9 . The theory of triple probes is detailed in Ref. [14] . The currents collected by each probe are given by
where A p is the probe area. The electron j e and ion j i current densities are given by j e = n e e kT e 2πm e 1/2 (7) j i = exp − 1 2 en e kT e m i 1/2 (8) and the non-dimensional potential χ is given in terms of the space potential φ p by
Equations (6) -(9) are used to find the electron temperature, density, and plasma potential. Collected probe currents are shown in Fig. 10 , and the axial variation in the electron density and temperature are shown in Fig. 11 . The electron temperature has a peak value of 3.6 eV, and this value is used in the power balance model described below. The electron density has a peak value of 2.1 × 10 22 m −3 , and drops by roughly a factor of 10 at a distance of 18 cm. A divergence plume half-angle of 16 • is calculated through use of the continuity equation n e Au e = const, using measured values of the axial electron density and velocity. The radial variation of the electron density and temperature is shown in Fig. 12 . The density exhibits very little radial divergence between the two axial stations, while the temperature drops by a factor of two as the probe is moved radially from the centerline of the thruster. The drop in electron temperature at the plasma edge is likely due to diffusion and radiative cooling at the plasma edge. 
VI. Magnetic Field Probe Measurements
A radial trace of the magnetic field was made along the face of the cathode using a 3-turn magnetic field coil. The coil has a diameter of 0.9 mm and is enclosed within a 1.4 mm Pyrex tube. A photograph of the probe and a numerically integrated signal are shown in Fig. 13 . The pressure profile across the cathode surface is given by
Ampere's law can be manipulated for a uniform radial current at the cathode face to show
for r ≥ r c .
The two linear regions found in Fig. 14 are consistent with equation 11 , with excellent quantitative agreement near the inner edge of the anode (r = 15 mm). The measured magnetic field along the centerline is non-zero; this can be attributed to the finite size of the probe and the corresponding plasma perturbation. The magnetic field can be used to calculate the ion Larmor radius, defined as
The radial variation in the Larmor radius is shown in Fig. 16 , based on a Z = 3 plasma, which is calculated from the triple probe data. We estimate the Larmor radius during the acceleration process, so that u < u e . For example, for u e = 16 km/s, we calculate r L at 50% of u e , or 8 km/s, The Larmor radius within the interelectrode region is less than the radius of the outer electrode (15 mm), which is advantageous from the standpoint of efficiency . This Larmor radius result has important implications for the ion acceleration process, since ions at a radius larger than a few mm are effectively collisionless, and will execute E × B drift. Because of the large radial E field created by the electrode geometry (Fig. 1 ) the drift is predominantly axial with a small radial component, and accounts for the measured exhaust velocity and small divergence of the exhaust beam
VII. Cathode Power Balance and Heat Conduction Model
In this section a cathode power balance and ablative heat conduction model are used to estimate the mass flow rate as a function of discharge current. Similar calculations have been used to successfully model vacuum arcs, 15 high-pressure arc systems using non-refractory electrodes, 16 arcjet thrusters, 17 and MPD thrusters employing a refractory cathode. The discharge current is assumed to enter the cylindrical cathode as a uniform axial beam (Fig. 14) . The atomic flux of evaporated gallium atoms is given by
where P v is the vapor pressure and T s is the surface temperature. The surface temperature is found from the ablative heat conduction model described below, and the vapor pressure is set equal to the pinch pressure (equation 10). Several studies have been conducted on the relationship between the metallic vapor pressure and magnetic pinch pressure in high-current arcs. Maecker 18 found reasonable agreement between the calculated magnetic pressure and the measured forces on the carbon electrodes of an electric arc. Lee 19 and Schrade et al. 20 have provided stability criteria which suggests that the vapor pressure has to exceed the magnetic pinch pressure in the vicinity of the cathode surface. Setting the pinch pressure equal to the vapor pressure, the mass flow rate is given bẏ
where the constant c has a value of 0.66 × 10 −9 for a flat surface and s is the electron current fraction. The expression for the outflux of gallium atoms uses a modified form 20 of equation (13) , while the second term represents the flux of ions that return to the gallium surface. The physical model developed by Coulombe and Meunier 16 for non-refractory, vaporizing electrodes serves as the basis for the current study. The gallium cathode is heated through bombardment of ions, and to a lessor extent, highly energetic plasma electrons. The cathode is cooled through heat conduction, evaporation, and the emission of thermofield electrons. Current continuity is given by
where j ion , j bde , and j tf are the ion, back diffusing electron, and thermofield current densities, respectively. The ion current density is found through use of Bohm's criteria for sheath formation, 21 assuming the ions enter the sheath at the local sound velocity c s
The back-diffusing plasma electron current density is given by
where v e is mean electron velocity, and φ c is the cathode sheath potential. The thermofield electron emission is due to the high temperature and electric field present at the cathode surface
where expressions for the electron supply function N (T s , ) and electron tunneling probability D(E, ) are given in Ref. [22] . In the limit of small electric fields, (18) reduces to the Richardson-Dushman equation, and in the limit of low temperatures, the Fowler-Nordheim equation. A power density balance across the cathode surface is given by
where the terms on the left hand side represent heating terms, and the terms on the right hand side are cooling mechanisms (thermofield emission, evaporation, heat conduction, and radiative cooling). The heating terms (ion, electron, and Joule heating) can be expressed as
where φ i is the ionization potential, g is a geometric constant between 0.5-0.8, σ is the electrical conductivity, and φ ef f is the effective work function, which is found by subtracting the Schottky emission potential from the work function φ ef f = φ w − (eE/4π o ) 1/2 . The ion current densities are found through use of the Saha equation using the experimentally found value of T e = 3.6 eV. The cooling due to electron emission is given by 23
Radiative cooling is given by (setting the emissivity = 1)
where σ is the Stefan-Boltzmann constant. The cooling due to evaporation is given by
where H vap is the enthalpy of vaporization (2.6 eV/atom) and H f the enthalpy of fusion (0.06 eV/atom). The time dependent surface temperature and cooling due to heat conduction are found through an ablative heat conduction model. To simplify the analysis in such problems it is assumed that the ablated material is completely removed from the surface as soon as it evaporates. The analysis can be divided into two distinct regimes, depending on the the time needed to vaporize the gallium electrode t vap . For t < t vap , the problem is a standard heat conduction problem using boundary conditions for a semi-infinite solid. For t > t vap , the electrode boundary surface S(t) moves as ablation takes place due to charged particle bombardment P . Note that for a 23 kA pulse the ablated mass per pulse is 300 µg and ∆S = 0.8 microns.
The location of the solid boundary surface during ablation is shown in Fig. 17 . The heat conduction in terms of the enthalpy is given by 24
where ρ and λ are the density and thermal conductivity. The boundary condition at the ablating surface is found by equating the net heat flux entering the boundary surface to the energy absorbed as a result of ablation per unit time per unit area
where the + denotes that the values are the limits within the cathode surface. The energy equation is first solved in its enthalpy form and the temperature is back-calculated afterwards. The system of equations is closed by using an expression for the electric field, which is found through integration of Poisson's equation 25
The temperature, electric field and ion current fraction are shown in Fig. 18 . As expected, the ions carry the bulk of the current at the cathode surface, and the surface temperature and electric field are insufficient for significant thermofield emission. The model yields cathode sheath potentials in the range of 13 -17 V, which is roughly 2-3 times the ionization potential. The ablated mass is shown in Fig. 19 . The calculated mass is roughly 20% less than the measured value. providing favorable quantitative agreement. 
VIII. Thruster Efficiency
The thruster efficiency of electric propulsion thrusters is given by the ratio of the jet kinetic power to the input power
An equivalent form of the efficiency can be found by taking the dot product of Ohm's Law, which shows the total power is the sum of the dynamic and resistive components
The resistive component is found by dividing the arc voltage by the discharge current. The dynamic impedance is found through the relation IZ 2 dyn = (1/2)T u e . The exhaust velocity is calculated from the mass bit and discharge current data
The efficiency can thus be expressed as the ratio of the dynamic to resistive impedance
The efficiency as a function of the electrode radius ratio is shown in Fig. 20 . The radius ratios of 2.6 and 3.4 correspond to experimental values. As the radius ratio exceeds 5, the MPD thruster becomes prone to the spoking instability. 
VIII.A. Discussion
A previous review of MPD performance [2] presented two parameters of interest: the ion Larmor radius R L , and the charge carrier parameter α, which represents the fraction of the discharge current that can be carried by the number of ions present α = Ze mI dm dt (31)
It is desirable to operate at a discharge current high enough to keep the Larmor radius smaller than the outer electrode radius, and for the present experiments with gallium, the Larmor radius criterion is easily satisfied (Fig. 16 ), and α = 1.1 for I = 23 kA. The efficiency suffers however, from the high frozen flow loss of the triply ionized gallium.
IX. Conclusions
The results obtained can be summarized as follows:
• MPD thrusters require short pulses in order to reduce PFN mass, while gas-fed MPDs cannot reliably achieve switching for valved pulses less than 1000 µs. The present experiment successfully injects propellant through cathode ablation for a PFN pulse length of 50 µs.
• Experiments were conducted at discharge currents in the range of 6-23 kA utilizing a central gallium cathode. The arc voltage varies linearly with the discharge current with arc impedance values of 6.5 mΩ.
• The measured mass bit follows a quadratic dependence (m ∝ I 2 ) on the discharge current. Time-offlight and a crossed electrostatic probe yield velocities of 15 and 20 km/s, respectively. These are in reasonable agreement with u e = 16 ± 1 km/s, calculated from the mass bit and discharge current data.
• Triple Langmuir probe measurements along the center-line of the thruster yield a peak electron temperature and density of 3.6 eV and 2.1 × 10 22 m −3 two centimeters from the exit plane of the thruster. The axial measurements suggest a well collimated exhaust plume with a divergence half-angle of 16 • , with a triply ionized plasma at the cathode surface.
• Magnetic field measurements are consistent with azimuthally symmetric current distribution (no spoking instability).
• A combined cathode power balance and ablative heat conduction model yield a calculated mass flow rate within 20% of the experimentally measured value.
• An efficiency of 23% is calculated from the mass bit and discharge current data. It is suspected that ionization is the dominant loss mechanism.
